As evidenced by the success of PET-CT, there are many benefits from combining imaging modalities into a single scanner. The combination of PET and MR offers potential advantages over PET-CT, including improved soft tissue contrast, access to the multiplicity of contrast mechanisms available to MR, simultaneous imaging and fast MR sequences for motion correction. In addition, PET-MR is more suitable than PET-CT for cancer screening due to the elimination of the radiation dose from CT.
Introduction
Fusing high-resolution anatomical information from X-ray computed tomography (CT) with the functional information attainable with positron emission tomography (PET) is providing significantly enhanced diagnosis in many situations (1). However, PET-CT is limited by the fact that both techniques use ionizing radiation and it may never be practical to operate both instruments scanning the same region of space simultaneously. In comparison to CT, MRI provides excellent soft tissue contrast, a multiplicity of contrast mechanisms and can be repeated throughout the PET examination without the concern of ionizing radiation dose to the subject. The ability to simultaneously acquire PET and MR images should provide improved co-registration accuracy compared to sequential scanning, particularly for areas of Technology in Cancer Research & Treatment, Volume 5, Number 4, August 2006 the body where internal organ motion is significant. In addition, rapid MRI during the PET scan will facilitate novel approaches for the correction of internal organ motion.
The MR data could be segmented to provide an attenuation map for attenuation correction of the PET data, as shown previously for PET studies (2). If MR-based attenuation correction can be successfully implemented for whole-body oncology studies the radiation dose from CT would be eliminated.
A number of different approaches for combining MRI with PET have been investigated (3-7). The approach (Figures 1 and 2) we have taken is an attempt to minimize compromise to either PET or MRI performance. MRI involves manipulation of magnetic fields remote from the current carrying elements that generate the fields. We have used this principle to provide a substantial gap in the magnet structure to accommodate a multi-ring PET detector array based on a microPET ® Focus 120 system (Siemens Molecular Imaging Preclinical Solutions, Knoxville USA). The PET detectors and MR imager view the same region in space, which facilitates simultaneous MRI and PET acquisition.
The gap in the magnet allows multiple fiber optic bundles to couple the scintillating crystal blocks to conventional photomultiplier tubes (PMTs) positioned in a region of low magnetic field. The position of the PMTs is a balance between the need to screen the static magnetic field to a sufficiently low level for PMT operation, the need to maintain magnetic field homogeneity and low forces on the magnet structure, and minimizing light loss due to the length of the fiber optic bundles.
Though the scanner described in this paper has been designed for small animal imaging, the approach is potentially scalable for human imaging. In principle, a dedicated, wholebody magnet with a gap to accommodate a whole-body PET ring (~150 mm) could be constructed (8) . A more attractive option may be to combine a conventional whole-body MR system with a PET ring positioned at the end of the magnet bore. For this case, the MR imager and PET detectors would simultaneously image different regions in space.
This paper details the design of the combined microPET ® -MR system and the measurements we have made to assess the impact on PET performance of using 120 cm fiber optic bundles, and position sensitive PMTs operating in the magnetic field of the MR system.
Materials and Methods

Design of PET-MR System
MR Design: A novel, 1T actively-shielded superconducting magnet with a 80 mm gap in the magnet former and cryostat around the sensitive volume of the magnet was developed using a genetic algorithm approach (9) and refined in conjunction with the manufacturers (Magnex Scientific, now Varian Inc., Yarnton, Oxfordshire). A specific objective of the design process was to produce a region of low magnetic field at the position of the photomultiplier tubes (PMTs) of the PET detector; the magnetic field as a function of radial position is presented in Figure 3 , which shows that the magnetic field is ~30mT at the PMT position (~120 cm).
The magnet has been built and a Bruker 'Avance' Biospec imaging system running Linux ParaVision 3.0 has been installed. To minimize the impact of the MRI components on PET detection, a split imaging gradient set and a dedicated RF coil with a minimal quantity of gamma ray absorbing/ scattering material are being designed.
PET Detector: Each microPET ® Focus detector consists of a LSO (cerium-doped lutetium oxyorthosilicate) scintillating crystal block (12 × 12 crystal elements, 1 cm deep) coupled to a Hamamatsu C12 position sensitive photomultiplier tube (PSPMT) via a fiber optic bundle. The detectors are read-out using an electronics base unit of a Focus microPET ® system.
PET Optical Fiber Geometry:
One magnet design objective was to minimize obstructions in the magnet gap. This objective is compromised by the attractive forces between the two magnet sections. The forces, usually opposed by the magnet former, are countered by four posts between the two sections. Thermal insulation on the posts, which are positioned at a radius of 300 mm and spaced by 90 degrees, increases their diameter to 138 mm. The electrical and cryogenic connections between the magnet sections do not present additional obstacles.
To locate the optical fiber bundles between the posts, adjustments have been made to the 'cut angle' between the scintillating crystal block and the fiber optic bundle, as shown in Figure 2 . The cut angles range from 3 to 13 degrees, the maximum cut angle being slightly larger than that used on the commercial system.
Effect of Fiber Optic Bundle Length:
On the commercial system, the fiber optic bundles are 10 cm long. To study the effect of increasing the optical fiber length on the PET detector position map and energy resolution the performance of two 'short' (10 cm optical fiber) and two 'long' (120 cm optical fiber) detectors were compared. This was achieved by illuminating the detectors with a 68 Ge point source and acquiring data in single photon counting ('singles') mode.
Performance of PMT in Magnetic Field
To study the impact of magnetic field on PET sensitivity, position map, and energy resolution, a single short detector was operated in singles mode. The PMT end of the detector was located inside a soft iron/permalloy magnetic shield designed for a Hamamatsu H7546MOD photomultiplier tube. That screen is a two part screen: a 3 mm thick soft iron outer, and 1.5 mm thick permalloy (45% Ni-Fe) inner. Using both parts of the screen the magnetic field at the PMT was varied from a nominal 0.1 mT to a nominal 0.25 mT. Using just the outer part of the screen the magnetic field at the PMT was set to a nominal 1 mT.
The detectors in the completed PET-MR system will be calibrated in situ. To be consistent with this, for each magnetic field strength a full system setup (offsets, gains, position maps, and crystal energy cut-offs) was run on the detector before measurements were made. For the calibrations and measurements a 16MBq 68 Ge point source was located centrally in front of the detector at a distance of 25 cm. 
Results and Discussion
MR Performance
Examples of mouse brain images acquired using conventional MRI gradients and RF coils in conjunction with the novel 1T magnet are shown in Figure 4 . A 2D fast spin echo (FSE) sequence (NEX 6 TR/TE 2000/50.5ms) with a slice thickness of 0.8 mm and an image matrix of 256 × 192 voxels over a 20.5 × 15.4 mm field of view produces in-plane resolution of 80 μm in nine minutes.
Effect of Fiber Optic Bundle Length
Position maps acquired using PET detectors with short and long fiber optic bundles are shown in Figure 5 . The mean full width half maximum of the photopeak for the individual crystals increases from 17.2 ± 0.1% for the short detectors to 27.1 ± 0.5% for the long detectors. Both the position map and energy resolution have degraded with the long fiber optic bundles due to light loss. The ratio of the energy resolution values indicates that the long detector measures 40% of the light measured with the short detector. The broadening of the peaks in the position map for the long detector will result in an increase in the fraction of events that are mapped to the incorrect crystal. To determine the impact of this effect on image spatial resolution a point source will be imaged using a pair of opposed detectors operating in coincidence mode. The decrease in energy resolution for the long detector will increase the fraction of scattered photons acquired in a photopeak window. We are adapting our Monte Carlo simulation code (10) to model the PET aspect of the PET-MR scanner and, hence, determine the magnitude of the scatter fraction for typical imaging protocols.
Performance of PMT in Magnetic Field
Direct comparison of the singles count rate with the PMT positioned in a magnetic field of 1 mT with the singles count rate at 'low' magnetic field (~0.05 mT) shows that the photopeak sensitivity (350-650 keV) at the 1 mT position is 98% of that at low field. Position maps acquired with the PMT positioned in low magnetic field and in a nominal field of 1 mT are shown in Figure 6 . The crystal energy spectra acquired with the PMT at the 1 mT position shows a mean full width at half maximum of 19.1 ± 0.4% compared with that of 18.7 ± 0.4% at low field. The magnetic field has small but observable effects upon PET detector performance, which are countered by careful PET system setup, i.e., gain, position map, and crystal energy cut-offs, in the presence of the magnetic field.
Conclusion
Two factors affecting PET performance, namely the use of long fiber optic bundles in the PET detector, and the per-formance of the PMT in the presence of a magnetic field, have been investigated.
Of those factors, the use of long fiber optic bundles has the more significant effect upon PET detector performance. The signal attenuation associated with the long fiber optic bundles will decrease spatial resolution slightly and increase the proportion of scattered photons detected. Though we have not yet measured the timing resolution of the detectors with long fiber bundles, we anticipate that the timing resolution will be degraded due to light loss (11) . That will result in an increase in the random fraction compared to the standard microPET Focus120 system.
Measurements indicate that operating the PMT in 1 mT will have minimal effect on image quality.
The design of a modified microPET ® -MR system is completed, and assembly and testing is underway.
